Abstract Alongside the well-known chemical modes of cell-cell communication, we find an important and powerful system of bioelectrical signaling: changes in the resting voltage potential (V mem ) of the plasma membrane driven by ion channels, pumps and gap junctions. Slow V mem changes in all cells serve as a highly conserved, informationbearing pathway that regulates cell proliferation, migration and differentiation. In embryonic and regenerative pattern formation and in the disorganization of neoplasia, bioelectrical cues serve as mediators of large-scale anatomical polarity, organ identity and positional information. Recent developments have resulted in tools that enable a high-resolution analysis of these biophysical signals and their linkage with upstream and downstream canonical genetic pathways. Here, we provide an overview for the study of bioelectric signaling, focusing on state-of-the-art approaches that use molecular physiology and developmental genetics to probe the roles of bioelectric events functionally. We highlight the logic, strategies and well-developed technologies that any group of researchers can employ to identify and dissect ionic signaling components in their own work and thus to help crack the bioelectric code. The dissection of bioelectric events as instructive signals enabling the orchestration of cell behaviors into large-scale coherent patterning programs will enrich ongoing work in diverse areas of biology, as biophysical factors become incorporated into our systems-level understanding of cell interactions.
Introduction to endogenous bioelectricity
Embryonic patterning, regenerative repair and suppression of cancerous disorganization all require continuous signal exchange among cells, tissues and organ systems within the body. Alongside well-known biochemical cues, there exists an important and fascinating system of bioelectrical communication. The segregation and flow of charges achieved by ion fluxes through ion channel and pump proteins give rise to a transmembrane voltage potential (usually on the order of −50 mV, inside negative) and the parallel arrangement of cells with transporters localized to specific domains results in epithelial batteries driving trans-epithelial potentials Robinson 1989 ). All cells, not just excitable neurons and muscle, generate and receive bioelectrical signals encoded in changes in transmembrane potential and ion fluxes that change on a time-scale of seconds to days. These biophysical events are a crucial component of the cellular conversations that enable large-scale pattern formation and morphostasis. Tools have been developed over the last 10 years that enable an unprecedented degree of molecular-level insight into the functioning of these signals and their linkage to canonical genetic pathways. However, the properties of bioelectrical cues are different from the workings of biochemical signaling modalities familiar to most workers in molecular and cell biology today. Here, we discuss the logic, strategies and recent technologies that provide a roadmap for any group of researchers to investigate bioelectrical signals in their favorite system.
The strategies and concepts that we map out are applicable to a wide array of work in developmental, regenerative and cancer biology (plus toxicology, evolutionary biology and neuroscience). However, the aspects specifically excluded from consideration in this chapter should be noted.
First, we focus on multicellular contexts. Voltage gradients regulate important events at the level of individual cell behavior (Table 1) , controlling cell number (proliferation and apoptosis), cell shape (orientation and outgrowth), cell position (migration and galvanotaxis) and cell differentiation (or de-differentiation), often over-riding competing chemical cues (Rajnicek et al. 2007; Zhao 2009) . A number of recent reviews (Blackiston et al. 2010; McCaig et al. 2005; McCaig et al. 2009; Reid et al. 2005; Sundelacruz et al. 2009; Yao et al. 2011 ) and protocols have covered these data; they are mentioned only to illustrate the full complement of responses that one may observe (and study) in response to specific instances of bioelectric cell-cell communication. Significant progress has been made in dissecting the molecular mechanisms of electricfield-based guidance of cell motility and orientation in the context of wound healing (McCaig et al. 2009; Nuccitelli 2003; Ozkucur et al. 2011; Pan and Borgens 2010; Robinson and Messerli 1996; Zhao 2009 ). Here, we focus on strategies applicable to dissecting roles of bioelectrical signals as one component of the morphogenetic field of instructive information (an important part of communication between any cell and the host organism).
Second, bioelectric cues as defined here specifically do not include: action potentials in excitable cells (millisecondscale spiking in nerve and muscle), the effects of exogenous electromagnetic field exposure and the fascinating literature on developmental roles of the geomagnetic field, charge transfer in DNA, static charges and electromagnetic communication among cells via ultraweak photon emission (see Table 2 ). Instead, we focus on slow changes of transmembrane potential (V mem ) in all cells. The sources of these bioelectrical gradients are ion channels and pumps that underlie the movement of chloride, sodium, potassium and hydrogen ions. The large literature on calcium signaling (Jaffe 1999; Slusarski and Pelegri 2007) is not discussed here, because it signals at extremely low concentrations; its effects are mediated by its chemical nature, not its contribution to transmembrane potential.
The voltage gradients set up by cells result in endogenous electric fields that can mediate long-range communication (Borgens et al. 1989; Jaffe and Nuccitelli 1977; Nuccitelli 1995; Nuccitelli et al. 1986; Robinson 1989; Robinson and Messerli 1996, 2003) . In addition to the channels and pumps, gap junction (GJ) proteins allow the direct exchange of small molecules (including ions) between the cytoplasm of adjacent cells, thus establishing local domains of isopotential cell groups (Fitzharris and Baltz 2006 ) that might encode cell identity (Guthrie et al. 1994) . GJs (Levin 2007a; Nicholson 2003 ) not only augment the ability of cells to sense extracellular electric signals from their neighbors (Cooper 1984 ) but also partition cell fields into functional domains, for example, when delimiting regions of neurogenic precursors in the spinal cord (Russo et al. 2008) .
The large body of data demonstrating the importance of bioelectrical signals in patterning is unfamiliar to several generations of modern cell and developmental biologists. This is largely because the rise of molecular biology has focused attention on the development of tools, protocols and concepts most suited to the study of biochemical signals, making it extremely difficult to dissect the genetic basis and downstream targets of discrete bioelectric events. The last decade has seen a resurgence of the field of bioelectricity as new techniques in molecular physiology have enabled high-resolution functional approaches. This work has implicated voltage gradients as instructive signals in novel aspects of patterning, has allowed the mechanistic connection of biophysical events with canonical upstream and downstream genetic pathways and has revealed bioelectric parameters as convenient "control knobs" on cells and tissues that can be exploited for important advances in biomedical intervention.
Preparing to investigate a bioelectrical pathway: thinking differently
Transmembrane voltage potential is an instructive parameter for patterning and not simply a housekeeping property. One of the remarkable findings in this field is that bioelectrical cues are distinct from the metabolic gradients proposed by Child (1941) : it is usually possible experimentally to dissociate the housekeeping functions of bioelectric properties from their more subtle patterning roles. Much as modulation can transmit information on top of a strong carrier wave, targeted artificial perturbation of V mem usually results not in death or un-interpretable dysmorphias but in specific coherent changes of large-scale patterning (Adams et al. 2007; Beane et al. 2011; Blackiston et al. 2011; Pai et al. 2012; Vandenberg et al. 2011 ). Thus, it is possible to functionally perturb V mem and to characterize phenotypes that are not unduly confounded by generalized toxicity or pleiotropic effects.
It will be helpful for those entering this field to familiarize themselves with the "classics" (Altizer et al. 2001; Borgens et al. 1989; Borgens 1982; Borgens and Shi 1995; Burr 1944; Burr and Northrop 1935; Robinson 1992, 1994; Jaffe 1981 Jaffe , 1982 Jenkins et al. 1996; Marsh and Beams 1947 , 1949 , 1952 Nuccitelli 1980 Nuccitelli , 1992 Robinson and Messerli 1996; Woodruff and Telfer 1980) . Work over the last 50 years has provided strong functional data illustrating the way in which multicellular systems utilize bioelectric signals for a wide range of morphogenetic processes. While pre-dating molecular-genetic tools, this body of data serves to illustrate general principles and wide conservation and applicability of bioelectric signals and to provide an important complement to today's focus on genetic networks and chemical gradients.
These data have been recently reviewed (Adams 2008; Levin 2009a Levin , 2011a McCaig et al. 2009 ) and a small sample is shown in Table 3 , illustrating the known roles of bioelectric signals in multicellular structures. Although many modern workers do not think about bioelectric signaling as a cohesive field, connections between molecular genetic pathways and ion flows are unavoidably being forged by new data, such as ion channel genes coming up as hits in microarray and network analyses and drugs identified in small molecule screens that turn out to be ion channel modulators, such as salinomycin (Gupta et al. 2009 ). Several channelopathies with morphogenetic or neoplastic phenotypes have now been discovered by unbiased approaches (Tables 4, 5 ), although ion transporters are usually deprioritized in comparative microarray experiments, because cell and molecular biologists are not yet accustomed to thinking in terms of voltage itself as an instructive signal. By highlighting the techniques and tools now available and by illustrating strategies for integrating bioelectrical signals with mainstream pathways, we hope that workers in multiple sub-fields will find it easier to design and implement investigations of the regulatory roles of ion currents and voltage gradients in their favorite patterning or mis-patterning problem. (Cifra et al. 2011; Levin 2003; Rossi et al. 2011) Jenrow et al. 1996; Levin and Ernst 1995; Levin and Ernst 1997; Litovitz et al. 1994; Misakian et al. 1993; Novikov et al. 2008; Tofani et al. 2001; Ubeda et al. 1994; Vaughan and Weaver 2005 Geomagnetic field Development, physiology Asashima et al. 1991; Dubrov 1978; Gmitrov and Gmitrova 2004; Harrison and Funnel 1964; Prato et al. 2005 (Bustamante 1994; Bustamante et al. 1995; Bustamante et al. 1994; Mazzanti et al. 2001; Prat and Cantiello 1996; Valenzuela et al. 2000 Transepithelial potentials Migration, orientation Forrester et al. 2007; McCaig et al. 2009; Nuccitelli 2003; Pullar et al. 2006 Pullar et al. , 2007 Rajnicek et al. 2007; Reid et al. 2005; Tai et al. 2009; Yao et al. 2008; Zhao 2009 In formulating testable models of voltage-based control of cell behavior, several unique features of this modality should be kept in mind. Bioelectric signals are fundamentally epigenetic, in the sense of Waddington's Epigenetic Landscape (not in the more modern and restrictive sense of chromatin modification); they underlie physiological heterogeneity (Brock et al. 2009 ) and are a component of the system-level stable state that directly reflects Waddington's original concept of the relationship between genotype and anatomical phenotype ). Only recently have the tools appropriate to the rather unusual properties of bioelectrical signals become available; their use requires a somewhat different mindset, integrating physiological and biophysical concepts that are distinct from those familiar to molecular developmental biologists.
For example, a traditional genetic screen or a regulatory network/microarray analysis might implicate a specific ion channel gene in some process of interest. It is then natural to think of this gene as being intrinsically tied to a given phenotype. However, this kind of mapping is often illusory as it is the physiological effect of that protein, not its genetic identity, that is important for the phenotype. Indeed, one of the main strategies illustrated below is the use of deletion and rescue experiments (swapping one channel for a completely different one) to identify V mem roles that are functionally independent of the protein machinery that created the endogenous potential gradient.
What might bioelectric signals be doing? V mem changes and ion flows are components of long-range signaling pathways among cells that occur during embryogenesis and regeneration. They can regulate the transport of small signaling molecules in and out of cells (as occurs for the electrophoretic transport of maternal serotonin among early embryonic blastomeres during left-right patterning Beane et al. 2011; Bentrup et al. 1967; Marsh and Beams 1947 , 1949 , 1950 , 1952 Novak and Bentrup 1972; Novak and Sirnoval 1975 (Fukumoto et al. 2005b) or cause the release of diffusible secondary messenger molecules from specific cell populations, as occurs during the voltage-mediated neoplastic-like transformation of pigment cells (Blackiston et al. 2011) . V mem changes in adjacent cells can propagate over long distances via conventional gap-junctional paths (Esser et al. 2006) or the more exotic nanotubes, namely, narrow cytoplasmic structures that have a GJ at their base and that can conduct electrical signals between cells as a kind of nanowire ) but which remain to be investigated in complex tissues. The V mem levels of key cell groups mediate large-scale polarity along major body axes, including head-tail (planarian regeneration; Beane et al. 2011) , left-right (embryogenesis; Aw and Levin 2009) and base-tip (pollen-tube outgrowth; Certal et al. 2008; Michard et al. 2009 ) and carry positional information for the guidance of migratory cell types . Interestingly, voltage changes also encode master-regulatorlike signals that initiate complete, highly orchestrated, selflimiting downstream patterning cascades such as tail regeneration (Adams et al. 2007; Tseng et al. 2010) . For example, the activation of Xenopus tail regeneration by a yeast proton transporter illustrates that signals of extremely low information content can induce responses in the host that are far too complex to bioengineer directly, the micromanagement of the construction of a limb or an eye from individual cell types being currently beyond reach. This is an extremely attractive property for biomedicine, because it suggests that desirable tissue outcomes can be induced long before we know everything needed to directly micromanage the assembly of a complex organ or appendage (Levin 2009b (Levin , 2011b . Although a large body of literature exists showing the promise of applied electric fields in biomedicine (Albert and Wong 1991; Shapiro et al. 2005; Walters 2010; Yasuda 1974 Yasuda , 1977 , the recently developed molecular-genetic techniques for bioelectric modulation have not yet been applied in human patients. They are currently being used to dissect these pathways in animal model systems and may offer unprecedented levels of spatio-temporal control of physiological signals that regulate cell growth and organ anatomy.
To understand the manner in which bioelectrical signals participate in the specification of anatomy, we need to keep in mind that bioelectric networks, like gene networks, can exhibit non-linear behavior with surprising dynamics. For example, changes in membrane voltage gradients affect the function of voltage-sensitive ion channels, which in turn alters membrane potentials further, implementing a dynamical system with multiple attractor states (Gallaher et al. 2010; Sachdeva et al. 2010) . Likewise, GJs shape electrical properties of cell groups and are themselves sensitive to changes in transmembrane potential and pH. This offers rich opportunities for cell groups to use ion flows to implement both positive-and negative-feedback mechanisms. The former, such as that created by the hydrogen/potassium exchanger regulation via potassium-sensitive nuclear factor kappa B (Zhang and Kone 2002) , can be used to amplify small physiological signals, whereas the latter, such as that created by the depolarization-induced activation of the hyperpolarizing V-ATPase pump (Jouhou et al. 2007) , can be employed to ensure the robustness of patterning against perturbations. This can often be ignored for simplicity and V mem regulation can be treated as a self-contained module (see Fig. 1 for a representation of the relationship between transcriptional and biophysical controls). However, a great deal of interesting biology is open territory for those interested in understanding the "order for free" (Kauffman 1993 ) that arises from the movement of ions.
Ion transporters are gated post-translationally; thus, bioelectrical signals derive some of their behavior from the intrinsic physics governing the movement of charged molecules in electric fields. Whereas such physiological dynamics ultimately do indeed feed into transcriptional programs, we should note that order and heterogeneity can be generated among cells with identical levels of protein expression in the absence of changes in mRNA and protein levels. Much as action potentials and calcium fertilization waves in eggs drive fronts of moving signals across the cell surface without needing changes of transcription or translation, multicellular networks implementing voltage-sensitive GJs and ion channels can establish complex regionalizations of V mem and GJ coupling as a kind of autocatalytic process.
As has long been known, some chemical systems can support self-organizing waves of activity; for example, the Belousov-Zhabotinski (Bansagi et al. 2011; Yoshida 2010) reaction exhibits stunning patterns of dynamically moving colors that reveal changes of concentration of various reaction products across a well-mixed volume of medium. A classic paper by Alan Turing (Turing 1952) proposed that spatially periodic, temporally stable patterns emerging from the instability of a homogeneous steady state represent a mechanism for morphogenesis in living systems. Recent work (Agladze et al. 1993; Sawai et al. 2000; Schiffmann 2011 ) has analyzed the means by which the chemical gradients formed by a system of diffusing compounds (a longrange inhibitor plus a short-range activator) can also selfcatalyze the creation of a pattern within a homogeneous cell field (Schiffmann 1991) . Such symmetry-breaking and spatial self-organization might underlie anterior-posterior Fig. 1 Overview of bioelectric signaling in cell regulation. a Transcriptional events (up-or down-regulation of specific ion channel/ pump genes) establish the complement of ion translocators expressed in any cell. Their activity results in changes of ion content and transmembrane potential, which is transduced by a number of mechanisms that couple biophysical events to changes of the expression of target genes. These in turn also control key cell behaviors and large-scale anatomical properties such as axial patterning and organ specification/ morphogenesis. b Interplay between physiological properties (red) and specific proteins (black). An important aspect of physiological signaling is the multiple feedback loops that occur because of the physiological (post-translational) gating of channels and pumps. For example, the level of gap-junctional connectivity determines the way that voltage spreads between adjacent cells but gap junctions are themselves regulated by voltage gradient. Thus, cells and cell groups can implement self-organizing spatially distributed stable patterns (e.g., auto-catalytic Turing-Child dynamics) even in the absence of differential transcription or genetic prepattern. Cell fields can thus be described as complex dynamical systems with multiple stable attractors, supporting symmetry breaking, hysteresis (memory) and the amplification of stochastic heterogeneity (V mem resting voltage potential)
pattern formation during Drosophila embryogenesis, Hydra regeneration, amphibian organizer signaling and pigment patterns in the epidermis of numerous animals (Kondo 2002; Kondo et al. 2009; Meinhardt 2000 Meinhardt , 2001 Nakamasu et al. 2009 ). Importantly, these Turing fields are not exclusively implemented by chemical diffusion; the fundamental properties required for the self-generation of patterns can also be implemented by bioelectric signaling mechanisms Oster 1988) . Fields of homogeneous cells that are able to generate and respond to ionic signals could thus support Turing-Child dynamics; this implies that many different cell types can form an "excitable medium" within which waves, stable compartments and other patterns can be set up purely by dynamics of physiology and do not require a pre-existing transcriptional prepattern (but themselves set up downstream differential gene expression domains by inducing or repressing specific transcriptional readouts). Moreover, systems of ion channels can implement hysteresis and occupy one of two discrete V mem states by physiological signals (Gallaher et al. 2010 ); any such bi-stable system is potentially a memory element (storing 1 bit of information) revealing that the bioelectric properties of all cells could potentially store information in the real-time dynamics of current flows, as occurs in computer memory. These unusual aspects of bioelectrical pathways are important not only because they occur in vivo and must ultimately be incorporated into our understanding of endogenous pattern formation mechanisms but also because they can be exploited in bioengineering, artificial life and synthetic biology approaches that seek to exploit computational abilities of tissues to extend beyond that found in nature in order to build robust cybernetic devices.
One difficulty of current approaches for understanding and modulating bioelectrical signal pathways is that physiologically derived patterning is largely invisible to widespread protein or mRNA profiling techniques. Cells with the exact same complement of channel proteins can be in different physiological states, because channels can be gated by other physiological signals and cells with very different channel gene profiles can be in the same physiological state, because the same V mem and pH range can be achieved by many different ion fluxes. For example, screens based on knockouts, morpholinos, RNA interference and protein or mRNA profiling would have entirely missed all of the early events of the left-right patterning in the frog, because this is a system that uses a voltage gradient to distribute small molecule morphogens and is entirely driven by maternal proteins and the physics of electrophoresis for many hours before zygotic transcription even begins (Levin 2006; Levin and Palmer 2007) . Likewise, isolated or sorted cell populations that appear pure by molecular markers turn out to include several discrete groups with distinct physiological properties (Yu et al. 2002) .
How does one begin to investigate a bioelectrical signal in a system? An overall strategic map is shown in Fig. 2 (and details for each step are discussed below). One usually starts either by (1) detecting an interesting bioelectrical gradient and then implicating a specific ion channel/pump in its production (by using a loss-of-function drug screen), or (2) implicating a specific channel/pump protein in some patterning event of interest and, then, motivated by the functional data that suggest this ion flux is actually important, characterizing the physiological gradients produced by it. This chemical-genetics work is followed by molecular validation of the pharmacological results: misexpression of channel and pumps (or their mutants) by using gene-specific molecular genetic reagents to confirm that bioelectric signals do indeed matter in the phenomenon under study and that at least one ion-translocator protein can be used as an entry-point into its molecular investigation.
The next step is an extension of the molecular validation process: identification of the physical signal that really matters. For example, if a morphogenetic phenotype is induced by the function of a particular proton pump, is this because of the resulting hyperpolarization (exit of positive charges) or of the pH gradient? Once the physical event that carries the cell-cell communication signal is identified, three lines of investigation can be conducted, depending on where one's interests lie. To understand how this bioelectrical signal regulates patterning outcomes, we need to (1) identify downstream effects (changes in cell behavior and gene expression that implement the morphogenetic outcome), (2) model the physiology to discover which ion flows give rise to what voltage gradients and (3) identify the transduction mechanism(s) that link biophysical events to second-messenger and transcriptional cascades (this is usually carried out with a suppression drug screen; Fig. 3 ).
Recent studies of the role of bioelectricity in the left-right patterning of the early frog embryo provide a simple illustration (Levin 2006; Levin et al. 2006) . A pharmacological screen implicated several transporters as being required for normal asymmetry (Levin et al. 2002) ; fluorescent voltage dye imaging than revealed that these transporters produced a L→R gradient in transmembrane potential during early cleavages (Adams et al. 2006; Levin et al. 2002) . The misexpression of various proton and potassium channels showed that these channels and pumps were indeed used endogenously as an obligate component of left-right patterning but that voltage was the crucial parameter and worked upstream of changes in the transcription of genes that controlled morphogenesis of the heart and asymmetric viscera (Adams et al. 2006; Aw et al. 2008 Aw et al. , 2010 Morokuma et al. 2008b) . A suppression screen identified serotonergic mechanisms as mediating the effect (Fukumoto et al. 2005a (Fukumoto et al. , 2005b and quantitative modeling (Esser et al. 2006; Zhang and Levin 2009 ) revealed the way that this bioelectric parameter works to set up an embryonic gradient of serotonin. The loop was then closed by showing how the serotonin gradient regulates transcription, i.e., by binding to chromatinmodifying machinery, which results in unilateral gene expression and asymmetric morphogenesis at later stages (Carneiro et al. 2011) . Below, we give specific guidance on each of these steps. Fig. 2 Strategy for investigating bioelectric signaling. One often begins by detecting an interesting bioelectrical gradient during some process and hypothesizing that this voltage or ion flow pattern is functionally important. In this case, the next step is to develop a robust assay recapitulating this process and to conduct a loss-of-function hierarchical drug screen to narrow down a list of candidate transporters that might underlie the observed gradient. In contrast, a specific transporter candidate might be suggested by the results of a genetic screen, network analysis, or microarray comparison. Because V mem is determined by ion flux, part of characterizing bioelectric signals is determining the endogenous translocators involved. Thus, the next step would involve the use of fluorescent voltage-or ion-reporting dyes (with and without a blocker of the channel/pump) to characterize the spatiotemporal properties of whatever gradient pattern might be produced by the transporter in question (Adams and Levin 2012a, 2012b; Oviedo et al. 2008 ). Molecular-genetic validation of the pharmacological data follows; a loss-of-function experiment with the knockout or misexpression of a dominant negative mutant should be used to establish that this transporter is indeed important for the phenotype under study. Next, to determine the physical process carrying instructive information, the transporter is blocked and a rescue of the phenotype is attempted with other transporters that distinguish among non-ionic, ion-specific and voltage-specific functions. Subsequently, this biophysical signal has to be connected to canonical pathways by (1) identifying the second-messenger mechanism(s) by which a biophysical signal is transduced into changes in cell behaviors, (2) identifying its downstream effects (which genes does it turn on/off, how does it affect cell behavior) and (3) modeling the physiology (quantitative spatial simulation of the ion flows that result in the relevant voltage gradient)
Implication of bioelectrical signals
To test whether bioelectric signaling plays a role in a given patterning event (e.g., eye induction, initiation of cell movements), it is best to conduct a pharmacological screen (Fig. 4) . Such screens (detailed information on reagents is given in Adams and Levin [2006a, 2006b] ) inexpensively and rapidly implicate specific endogenous ion-transporter proteins in any assay. This is a chemical genetics approach that capitalizes on a tiered (least specific → more specific) tree-based distribution of channel and pump blocker compounds that enables an efficient binary search for likely candidates. The use of highly non-specific reagents at the top tier is a major advantage: for example, if barium chloride (a non-selective potassium channel blocker) does not impact the phenotypic endpoint, the whole enormous set of potassium channels can be crossed off the list and does not need to be tested. If a positive hit is obtained, then one must proceed to test the candidates by using drugs in the more-specific nodes below the one that positively impacted the assay.
Usually, no more than 5-10 compounds need to be tried in the chosen assay in order to home in on an ion-transporter type. Such screens probing native bioelectrical mechanisms have resulted in the identification of channels and pumps as novel components of left-right patterning (Adams et al. 2006; Levin 2006) , anterior-posterior polarity determination in planarian regeneration (Beane et al. 2011; Nogi and Levin 2005) , tail regeneration in Xenopus tadpoles (Adams et al. 2007; Tseng et al. 2010 ) and mammalian stem cell regulation (Gupta et al. 2009; Lange et al. 2011; Sundelacruz et al. 2008) . The robust and continuing development of novel compounds targeting ion channels will further improve the power and efficiency of these screens over time. Although any target implicated by pharmacological approaches needs to be confirmed by using gene-specific molecular reagents (see below), this approach has the advantage that it rapidly tests whether any aspect of bioelectricity is involved and suggests a manageable number of candidate genes for molecular validation. Hierarchical pharmacological blockade also has the advantage that, unlike knockdowns of individual genes, it greatly reduces problems of compensation (masking phenotypes as other family members substitute for the one channel knocked out in a traditional screen). When performed correctly, the output of this analysis is a candidate (or set of candidates) for the endogenous protein that drives a given ion flux important for some particular assay.
Characterization of bioelectrical properties in vivo
Overview of physiological profiling The first step to dissecting a bioelectric signal is the characterization of the spatio-temporal distributions of ionic parameters in vivo and a determination of their correlation with anatomical and genetic patterning events. This is akin to the mRNA and protein levels revealed by in situ hybridization and immunohistochemistry in conventional molecular embryology. However, unlike protein and mRNA localization, physiological properties cannot be studied in fixed samples: reporters must be used in the living state. Specifically, the imaging of voltage gradient and ion concentration patterns within tissues (or whole embryos) can be used for: (1) revealing the boundaries of iso-potential cell groups (compartments or embryonic fields), (2) identifying the distributions of V mem gradients among cells that regionalize the tissue as a pre-pattern for gene expression, (3) revealing the existence of physiological heterogeneity among cells that might seem identical at the anatomic or even genetic levels, (4) identifying special cells such as stem cells, precursor/ Fig. 3 Identification of a transduction mechanism. To identify which of several possible mechanisms is involved in transducing an epigenetic (biophysical) event into a biochemical signaling pathway, a suppression screen should be performed (Blackiston et al. 2011) . Each candidate transduction mechanism can be probed in turn by inhibiting it in an assay in which an induced change in transmembrane potential leads to an observable phenotype (increase in proliferation, upregulation of a target gene, cell migration, etc.). For example, if gene X is up-regulated upon depolarization but this up-regulation does not occur in the presence of a GdCl, then voltage-gated calcium channel (VGCC) opening is implicated. If on the other hand a blocker of gapjunctional communication (GJC) abolishes the effects of depolarization, this suggests that the voltage-gated control of GJC and small molecule movement mediate the effects. Similar experiments with inhibitory drugs, dominant negative constructs and genetic deletion can be used to implicate serotonergic (5HT) signaling, butyrate-driven chromatin modifications (SLC5A8), integrin signaling, voltage-sensitive phosphatases (VSP), or other transduction mechanisms Fig. 4 Loss-of-function hierarchical drug screens. To determine whether a bioelectric process is likely to be involved in some process of interest and simultaneously to implicate specific channel/pump family(ies) as endogenous mediators of the biophysical signals, a loss-of-function pharmacological screen is performed. Known blockers of different types of channels/pumps are arranged (Adams and Levin 2006a, 2006b ) in a hierarchical tree, from least specific to most specific (a). This chemical genetics approach is applied in an assay (b), such as the scoring of asymmetric positioning of internal organs following drug exposure at early embryonic stages (a screen to identify roles for ion flow in a left-right patterning during development; Adams et al. 2006; Levin et al. 2002) . A negative result at any node in the tree means that the nodes of drugs (and their matching protein targets) below that point do not have to be pursued further, whereas a positive result (an observable change in the assay outcome) leads to the testing of the nodes below. This screen does not saturate (since not every transporter is blocked by a known drug) and in some (surprisingly rare) cases, pleiotropic functions of a given transporter lead to a toxicity phenotype that precludes a clean yes/no answer. Nevertheless, the existence (and continued development) of a plethora of pharmacological reagents and the demonstrated possibility of dissociating subtle patterning functions of ion flows from housekeeping roles combine to make this a powerful, rapid and inexpensive method to identify a manageable number of candidates for further molecular analysis and to motivate investigations of bioelectric components in a process of interest. Figure in Tools for the characterization of bioelectrical events now include highly sensitive ion-selective extracellular electrode probes Smith et al. 2007 ) that reveal ion flux at the cell membrane, microelectrode arrays (Aryasomayajula et al. 2010) and techniques that report the content of individual ion species such as protons (Tantama et al. 2011 ) and sodium (Tseng et al. 2010) . Voltage gradients can now be visualized in three-dimensional time-lapse recordings by using fluorescent reporters of transmembrane potential such as the cellpermeable dyes DiSBAC 2 (3) and CC2-DMPE (Adams et al. 2006; Oviedo et al. 2008; Ozkucur et al. 2010) , reporter proteins (Baker et al. 2008; Mutoh et al. 2011; Shen et al. 2011; Tsutsui et al. 2008a ) and more exotic nano-scale materials (Tyner et al. 2007 ), suitable for use in any optically accessible tissue (Steinberg et al. 2007; Yun et al. 2007 ). These are a significant addition to traditional electrophysiology, because whole organs can be imaged at once and the data can be collected over long time periods in moving samples without needing to perforate each individual cell membrane. GJ paths can be revealed by the introduction of fluorescent small molecules followed by imaging (Bittman et al. 2004; Kosher 1991a, 1991b; Levin and Mercola 1998; Nagajski et al. 1989 ) and by more elegant techniques such as photo-uncaging of GJ-permeable fluorescent molecules (Bedner et al. 2003; Braet et al. 2003; Guo et al. 2008; Yang and Li 2009 ) to map out GJ-coupled cell groups and junctional isolation boundaries.
Although many of these reagents have been optimized for rapid (neuronal) electrical signals (Akemann et al. 2010; Perron et al. 2009a) , they are adaptable to the slower dynamics of patterning events because of their modular nature. Versatile genetically encoded voltage sensors are now available (Akemann et al. 2009 (Akemann et al. , 2010 Baker et al. 2008; Gautam et al. 2009; Mutoh et al. 2011; Perron et al. 2009a Perron et al. , 2009b : fluorescence resonance energy transfer (FRET)-based proteins with plasma-membrane targeting and red-shifted fluorescence (for better penetration of longer-wavelength light), e.g., VSFP2.3 (Lundby et al. 2008; Murata et al. 2005; Mutoh et al. 2009 ). Several studies have now explored the endogenous patterns of ion flows during morphogenetic events (Ozkucur et al. 2010; Vandenberg et al. 2011) or the behavior of stem cells (Stroh et al. 2010 ) and this technique is finding its way into medicine for minimally invasive diagnosis by identifying cells with abnormal growth potential revealed by their specific physiological signature (Ishiguro et al. 2010 ).
The sample under study needs to be either transfected with DNA expressing a genetically encoded reporter protein or soaked in a medium containing fluorescent reporter dyes. When performed after a transporter has been implicated, these techniques are used to test a specific hypothesis: that this transporter sets up a physiological gradient that carries instructive information in some assay. For example, voltage and sodium reporter dyes have been used to characterize the bioelectrical states of regeneration blastemas during amphibian tail regeneration following a drug screen (Adams et al. 2007; Ozkucur et al. 2010; Tseng et al. 2010 ). On the other hand, any interesting event (e.g., organ induction, gastrulation, neurulation) can be imaged in an unbiased physiological "screen" to look for gradients and novel patterns that might be suggestive of patterning information otherwise invisible in the tissue.
Over 50 years ago, spatial patterns of bioelectric parameters (e.g., voltage difference between specific locations) were observed quantitatively to predict anatomical features developing at much later timepoints and possibly thus to control morphogenesis as a kind of subtle scaffold (Burr and Hovland 1937; Burr and Sinnott 1944; Lund 1947) . However, we can now probe the instructive nature of such physiological gradients at molecular resolution, one example involving craniofacial patterning in Xenopus embryos. By using voltage-reporter dyes and timelapse microscopy, a map was made of the bioelectric gradients during the formation of the vertebrate face (Vandenberg et al. 2011) . A complex regionalization of voltage gradient (natively driven by differences in the activity of the V-ATPase proton pump) demarcated the interior of the neural tube and the future mouth, while thin bilateral crescents on the edge of the face marked the position of the first pharyngeal pouch. These bioelectrically unique regions match the expression patterns of key genes that regulate the differentiation and migration of tissues in the face and the position of invaginating epithelium. Artificially perturbing the pattern of the voltage domains results in changes in the expression of important patterning genes, such as Slug, Mitf and Frizzled3 and in the subsequent characteristic defects in the morphology of craniofacial structures. Such spatio-temporal profiling of native physiology, combined with the detailed characterization of anatomical and molecular-genetic perturbation of the boundaries of the hyperpolarization domains, has revealed a superb example of a physiological state serving as a prepattern for regions of gene expression, much as transcriptional domains can act as prepatterns for subsequent anatomy (e.g., the Hox code). Similar findings have been reported for the formation of the vertebrate eye during which regions of endogenous hyperpolarization demarcate a small subset of Pax6-positive cells alone fated to become eyes; the signal has been shown to be instructive, as experimental manipulations designed to put other cells into the same V mem range have been able to induce eye formation anywhere in the body (Pai et al. 2012) . A convergence of modeling and molecular physiology data will be able to define intervention protocols to alter such patterns at will and thus potentially to provide the tools to repair a variety of craniofacial birth defects.
Specific principles of imaging transmembrane potential
The ability to measure V mem has improved significantly with the invention of fluorescent V mem reporting dyes (Adams and Levin 2012a) . Classical electrode-based electrophysiology techniques are still the standard for absolute measurements of average plasma-membrane potential; however, dyes allow researchers to observe bioelectrical phenomena at both spatial and temporal scales that are impossible when using electrodes: (1) entire fields and volumes of cells can be measured simultaneously, so that cellcell interactions and population dynamics can be imaged; (2) subcellular resolution can be achieved and thus the bioelectrical activities of various membranes and of various membrane regions can be parsed and their distinct contributions to cell physiology and behavior can be investigated; (3) long-duration observations are relatively simple, even for samples that move, making it possible to perform longitudinal studies of V mem changes in response to external stimuli or natural changes, such as growth and/or development. The techniques are relatively simple and can be performed without specialized equipment, aspects that add even more to the power of these dyes to yield important data for our understanding of bioelectric signals and signatures.
The dyes work as reporters because the intensity of their fluorescence varies with membrane potential. Although the mechanisms are not completely understood, there are currently two ways that this is believed to occur: (1) a charged dye molecule accumulates or disperses, or moves within the membrane, in proportion to the charge on the membrane (Wolff et al. 2003) , or (2) the color or intensity of a fluorophore varies as a protein undergoes conformational changes in response to membrane potential (Lundby et al. 2010) . The oxonol dyes, such as DiBAC and DiSBAC are examples of the former. These negatively charged molecules enter the cell and associate with the positively charged membrane of de-polarized cells. Conversely, when the membrane is negative, these molecules leave the cell and cease to be fluorescent. The number of molecules fluorescing determines the brightness of the signal and thus signal intensity (usually measured on a scale of 0-255 or 0-4095) is a readout of the charge on the membrane. Mermaid is an example of a protein-based voltage reporter (Tsutsui et al. 2008b) . With this reporter, a change in V mem is "felt" by a voltage-sensitive domain that changes its conformation thus separating two fluorescent proteins or bringing them closer together, which results in FRET. Thus, the intensities of donor and acceptor fluorescence are a measure of V mem . Other FRET-based techniques employ a donor, often the coumarin derivative CC2-DMPE, which is stationary in the outer leaflet of the membrane and a mobile acceptor, often an oxonol (Gonzalez and Tsien 1997) . This coupling of dyes takes advantage of two different ways to measure V mem : the fluorescence of the acceptor dye, which increases with de-polarization and the FRET between the two dyes, which increases with hyperpolarization. The two sets of signals can then be combined by normalizing one to the other (taking the ratio), thus filtering out some of the inevitable systematic error.
Choice of the dye to use involves knowledge of as much as possible about the dyes and the imaging equipment available. The first choice will often be a dye for which the appropriate filter cubes are already in the microscope. There are two general categories of dye; the fast-and the slow-response dyes. Fast dyes, such as Di-ANEPPS, can be used to image action potentials and other millisecond-range phenomena. The slow dyes have been used for long-running and/or time-lapse studies of V mem . Dyes are also available as both impermeant and permeant forms, so their means of administration should be considered. Dyes also bleach at different rates and some even self-quench if used at too high a concentration. Whatever dye or set of dyes is chosen, the primary literature should be searched for any information available about the dye. Some commonly used dyes have been found to cause artifacts (Mennerick et al. 2010; Morimoto et al. 2007 ) and new information is becoming available rapidly and so a literature search is important to avoid having to rely entirely on the manufacturer's data.
Crucially, all of the dyes must be tested and titered for each new cell type and as with any technique, appropriate controls must be run. The most important control is to confirm, by rational manipulation of V mem with ionophores and by variation of external ion concentrations, that the change in dye intensity is in the right direction. The ideal extension of this control is an actual calibration of the dye. This can be a complicated task, as the best way to achieve it is to monitor dye intensity while simultaneously measuring V mem by using an electrode. Another approach is to control V mem by using the Goldman-Katz-Hodgkin equation to guide changes in external ion concentrations. In many situations, a report of the relative V mem is sufficient to address fundamental and fascinating questions about cells and cell populations.
Imaging samples correctly is a critical aspect of using these dyes, as they are by nature quantitative. This means that many of the default capabilities of image analysis and manipulation programs must be ignored. In other words, some automatic functions, especially the ones that "improve" the images by changing pixel values, must be turned off. Two other critical aspects should be taken into account with imaging fluorescent dyes. The first is to optimize exposure by being sure to take advantage of the full range of intensities that can be resolved by your camera. The second is that the images must be corrected in two ways and only those two ways. The first is darkfield correction, which corrects for electronic noise in the system. The second is flatfield, which corrects for uneven illumination and other systematic distortions in the imaging machinery. Again, these two corrections are necessary and sufficient. No other manipulations that affect pixel intensity should be performed.
If the imaging has been correctly performed, analysis is relatively straightforward. The intensities in the various regions of an image can be measured by the software and reported. The difficult part here is defining a region of interest (ROI), which must be carried out without bias; the chosen method should be reported together with the results.
Functional experiments to test instructive roles
Identification of instructive roles for bioelectric events requires that changes in V mem are inducible on demand in vivo, in a spatio-temporally controlled manner, to link these to cell-and tissue-level outcomes, as is routinely performed in knockdown and overexpression experiments for biochemical signals. Loss-of-function experiments performed by inhibiting or knocking down a specific channel or pump that underlies a given ion flow has allowed the identification of novel roles for V mem in embryonic left-right asymmetry (Adams et al. 2006; Levin et al. 2002) , tadpole tail regeneration (Adams et al. 2007; Tseng et al. 2010 ) and muscle cell differentiation (Hinard et al. 2008; Konig et al. 2004) . The data obtained shed light on endogenous roles of iontransport events within any given developmental or regenerative context.
Following the characterization of the V mem , the next step is functional perturbation to test specific hypotheses. For example, if the imaging data suggest that a V mem depolarization is responsible for a particular event (e.g., induction of organ primordium expansion), then two types of experiments need to be carried out. A loss-of-function test will reveal whether the depolarization is indeed required; for this, a hyperpolarizing channel (e.g., Kir2.1, Kv1.5) or pump (PMA-1.2) should be introduced shortly before the initiation of the event and if the hypothesis is correct, will block it. A gain-of-function test will reveal whether the depolarization is sufficient for the event; prior to the event's occurrence (or in a state in which the event does not normally occur, such as a non-regenerative developmental stage in the case of voltage-directed regeneration), the tissue should be transfected with a depolarizing construct such as EXP-1 (a cation channel) or NaV1.2. These molecular reagents are part of a large toolkit (some of which are available from our laboratory upon request). They can be introduced, for example, by lipofection, electroporation, direct mRNA or DNA injection, or viral infection and should carry a fluorescent fusion protein to mark the cells in which the required ion flow change is expected to occur (especially important for detecting non-cell-autonomous effects). In all cases, the intended voltage change should be directly confirmed by using the measuring techniques described above, as some cells will use native transporters to attempt to counteract the voltage change being experimentally induced. When choosing the marker fluorophore, one should remember to consider the wavelengths that will be used to measure voltage, as overlaps will confound the data.
Direct application of electric fields is another technique that is well-suited to the study of cell responses to physiological-strength electric signals in vitro (Wang and Zhao 2010; Zhao 2009 ); however, the complex impedance of living tissues makes this difficult to control when applied in vivo. Highly targeted gain-of-function experiments should be performed by using well-characterized iontransporter proteins to induce known changes in ion content and transmembrane potential in specific cells. For example, misexpression of the P-type (single protein) proton pump has recently been shown to be sufficient to induce regeneration of the tadpole tail when the native V-ATPase (a 13-subunit V-type H + pump complex, normally required for regenerative response) is inhibited (Adams et al. 2007 ). Likewise, the manipulation of a regulated chloride channel and rescue experiments with potassium channels have allowed tight experimental control of V mem in frog embryo cells, revealing a role for transmembrane potential in triggering a neoplastic-like transition in neural crest (stem cell) derivatives (Blackiston et al. 2011; Morokuma et al. 2008a) .
Whereas genetic perturbation has the highest potential to yield high-resolution information about bioelectric patterning control, the uncertainties of gene therapy (and the use in model systems in which transgenesis is difficult, such as planaria or non-genetic model systems) and the difficulty of controlling the timing of activity require that pharmacological techniques also be developed for use in biomedical strategies; these can take advantage of extant drugs that target natively expressed channels and pumps to effect the necessary changes in transmembrane potential (Reid et al. 2011) . One recent example is the design of a sodium ionophore cocktail that induced full regeneration of the tadpole tail (a complex neuromuscular appendage including spinal cord) in a range of non-regenerative conditions after just 1 h of exposure (Tseng et al. 2010) ; another is the use of proton/ potassium exchanger and chloride channel modulators to control the regenerative polarity of planaria: fragments that normally develop a head and tail at their appropriate locations can be induced at will to reprogram blastema growth thereby resulting in double-head or no-head regenerates (Beane et al. 2011) .
Misexpression of constitutive depolarizers and hyperpolarizers can be a powerful technique but often spatiotemporal regulation is desired. Moreover, it is advantageous to be able to control the degree of V mem change, which is especially important in cases where a specific V mem level might be crucial for determining tissue outcome. Spatial regulation can be achieved by the control of the number/ location of cells transfected with the perturbing channel or by using light activation in the technique of optogenetics with light-gated depolarizing channelrhodopsins and hyperpolarizing halorhodopsins (Gradinaru et al. 2010; Knopfel et al. 2010; Liu and Tonegawa 2010) . Temporal control, together with a significant degree of voltage regulation, can be achieved by taking advantage of drug-gated chloride channels (Fig. 5) . Cells expressing the glycine-gated chloride channel can be exposed to a specific GlyCl channel opener (Ivermectin) and their voltage controlled simply by varying the concentration of chloride in the medium (since the open channel will allow experimental control of the amount of negative Cl -ions inside the cell). Similar strategies can be implemented with any channel for which a specific opener/activator exists, such as sodium channels, by simply manipulating the relevant extracellular ion concentration. The trick also requires knowledge of the approximate intracellular concentration of ions in the tissue of interest and the use of salts that do not contain a counter ion: for example, when manipulating potassium, one should Fig. 5 Pharmacological strategy for specific control of V mem . To control V mem experimentally, the best strategy is first to express a convenient ion channel in cell(s) of interest (or make sure it is expressed there natively); alternatively, an ionophore can be used if the targeting of specific cell subpopulations is not needed. Then, the channel is opened with a specific pharmacological activator and the extracellular concentration of that ion is varied in the medium. For example, in a field of embryonic cells, some express the glycine-gated chloride channel GlyR (a). When targeted by Ivermectin (IVM), a specific GlyR opener (b), these cells can be depolarized in medium of low chloride content (because negative chloride ions will tend to leave the cells via the open channel down their concentration gradient) and hyperpolarized in a medium of high chloride content (since the negative Cl -ions will enter the cells). By varying the chloride level, one can observe, for example, the disappearance of a depolarizationinduced phenotype, as the V mem is driven toward hyperpolarization by the high chloride content (c typical result of a hypothetical experiment). To use this method quantitatively to measure or create absolute values of V mem , it helps to know the internal and external concentrations of all the ions and their permeability coefficients. Then, the Goldman-Katz-Hodgkin equation can be used to calculate V mem use K + -gluconate, not KCl, to avoid the confounding effects of chloride transport.
Isolation of the information-bearing component of bioelectric signaling
Having used the misexpression of well-characterized constructs to confirm a role for ion transporters, one can then dissect their mechanism of action. The first step is to determine their physical mode of action, which usually falls into three possible categories: an ion-independent role (binding partner for other proteins, for example), an ion-specific role (e.g., pH), or a true voltage role (Fig. 6) . These can be distinguished experimentally with a set of rescue experiments.
The first important requirement is to know whether a specific channel or pump protein exerts its control upon cell behavior solely by virtue of its ion-translocating function, or whether its signaling occurs by binding or titrating other proteins. A number of ion channels and pumps have now been shown to have such ion-independent roles (Paul et al. 2007; Walters et al. 2009 ) and so one cannot assume bioelectricity is involved until scaffolding and other such functions are ruled out. The best way to test this is to knock out the endogenous channel and attempt to rescue the phenotype with an inactive mutant, which is ideally a pore mutant that is structurally identical to the native form but does not pass ions. These are available for many types of channels (Lalli et al. 1998; van Bever et al. 2004 ) and "dead" forms of transporters also exist. If the phenotype is not rescued, then the information-bearing signal probably does indeed involve ion flux. The next step is to distinguish between a "chemical" role for a given ion species (dependence on the concentration of that specific ion) and a true bioelectrical role that depends on V mem alone. The best-known ion-specific signal is a change in pH but the concentrations of other ions can also trigger specific events; for example, DNA-structure quadruplex formation and transcription are determined by K + levels in the cytoplasm (Beaudoin and Perreault 2008; Chen et al. 2008; Kumar et al. 2008 ) and nucleus (Paine et al. 1981) . Likewise, the latter phase of ionic control over tail regeneration in tadpoles is dependent on sodium, which is transduced by a Na + -specific salt-inducible kinase (Tseng et al. 2010) . Most transporters affect both the level of specific ions and the voltage and so rescue experiments with constructs that change one of these at a time are necessary to deduce which aspect actually matters in a given situation. For example, a plasma-membrane V-ATPase proton pump simultaneously hyperpolarizes the cell (a change of V mem ), acidifies the extracellular milieu and alkalinizes the cortical cytoplasm. Being able to distinguish which of these carries instructive information for downstream effects on cell behavior is crucial. In the case of the induction of tadpole tail regeneration by a V-ATPase (Adams et al. 2007 ), a singlesubunit P-type ATPase was first shown to be able to substitute for the multi-unit V-ATPase complex. Since the rescue was accomplished with a pump that had no sequence or structure similarity to the native pump complex, this ruled out scaffolding or binding roles dependent on protein structure and implicated proton pumping itself as being required. Then, electroneutral transporters (such as NHE, the sodiumhydrogen exchanger) were used in the rescue assay to distinguish between pH and voltage roles. The overall "rescue" strategy thus involves the inhibition or genetic deletion of the native protein responsible for the ion flow and then an attempt to recapitulate the phenotype in the assay by using DNA encoding a transporter that changes the relevant ion concentration but not the voltage (an electroneutral one), followed by the use of a transporter that changes the voltage via a completely different ion species.
Indeed, the best way to implicate voltage itself as the regulatory factor is to attempt to replicate the phenotype by using as many different transporters as possible (ideally, passing different ion species) that have the same effect on V mem . For example, in a recent study on the neoplastic conversion of melanocytes in frog embryos, the same depolarizationinduced phenotype was shown to result when a voltage gradient was reduced by chloride, proton, or potassium flux (Blackiston et al. 2011 ). Moreover, chloride-driven depolarization could be rescued by the co-expression of a potassium channel, indicating that the transformation of the melanocytes was truly sensitive to V mem changes, irrespective of which ion flows induced those changes. Notably, in such cases, a physical factor (akin to cell geometry or substrate stiffness) encodes the relevant regulatory signal and not any one specific gene or protein. This is different from traditional biochemical signaling in which a cellular outcome can be tied to one particular gene whose protein is detected by a specific receptor; in this case, a physiological parameter, not a gene, codes for a phenotype.
Rescue experiments can be conducted with the many available mutants to probe additional aspects. For example, mutants defective in the voltage-or pH-gating of channels or GJs can be used in assays to reveal whether these modes of channel regulation are involved in the process of interest. Likewise, channels with altered kinetics or ion specificity can be used to probe additional mechanistic details of the bioelectric signal. Literature searches will often turn up a plethora of genetic tools (developed by physiologists working in the kidney, nervous system, inner ear, etc. who have previously undertaken the hard work of characterizing each mutant); these can be used in assays to reveal many details of the use of ion flow in any given patterning context. The identification of the specific biophysical event that is necessary and Fig. 6 Isolation of the information-bearing aspect of an ion-translocator function. In any given assay (process involving cell signaling), the function of a given ion transporter can be dissected by inhibiting the transporter and attempting to rescue the process with several distinct constructs that distinguish among ion-independent roles, ion-specific roles, or voltagedependent roles (a). If a rescue can be made with an inactive (e.g., pore-mutant) form of the channel, then a non-ion-passing function (e.g., binding partner for some other protein) is implicated. If a rescue can be made with only the same channel family and no others, an ion-specific role is implicated. If any transporter of a different ion but with similar effects on transmembrane potential is sufficient to reproduce the same phenotype, then voltage alone is implicated. An example is shown in b: in the amputated tadpole tail, the native V-ATPase proton pump that is required for regeneration was blocked. Misexpression of a heterologous (yeast) P-type proton pump protein (with no sequence or structure homology to the V-ATPase) rescued regeneration, indicating that the proton pumping, not some ion-independent function, carried the signal necessary to initiate regeneration. In contrast, regeneration was not rescued by the electroneutral sodium/proton exchanger, ruling out the pH gradient as the causal factor in initiating regeneration (instead implicating V mem regulation as the information-bearing aspect of this process). A V mem role would be directly demonstrated by misxpressing a chloride channel and controlling intracellular chloride concentration in accordance with the Goldman equation, to reveal the voltage at which regeneration is initiated sufficient for a given response is a key component of mechanistically fleshing out the bioelectric component of any cellcell interaction and of linking bioelectric signals to downstream mechanisms.
Connecting to canonical signaling pathways
An understanding of the role of bioelectricity in pattern regulation requires the identification of both the molecular source of an ion flow (expression and function of a given transporter) and its consequences (amplification by secondmessenger systems into biochemical and genetic cascades). The dissection of these upstream and downstream processes for any bioelectric signal allows a thorough integration of genetic and physiological processes, thereby describing cells as dynamical systems cycling between biophysical and biochemical regulatory events. How are changes in membrane potential coupled to transcriptional responses and alter cell behavior?
Transduction mechanisms (reviewed in detail in Levin 2007b Levin , 2009a ) that convert V mem levels into changes of gene expression (Fig. 7) include voltage regulation of: (1) the movement of small signaling molecules across GJs (Adams et al. 2006; Esser et al. 2006; Fukumoto et al. 2005b ) and through voltage-powered transporters such as the serotonin transporter, SERT (Fukumoto et al. 2005a) or the sodium/butyrate transporter (Ganapathy et al. 2008; Gupta et al. 2006; Li et al. 2003) ; (2) conformational changes in integrins (Arcangeli 2005; Hart 2008; Olivotto et al. 1996) ; (3) tyrosine phosphorylation (Holmes et al. 1997) ; (4) the activity of voltage-gated calcium channels that trigger calcium-dependent responses (Nakanishi and Okazawa 2006) ; (5) electrophoretic separation/clustering of protein complex subunits in the plane of the membrane (Cooper et al. 1989; Poo and Robinson 1977; Poo et al. 1978) ; (6) activity of voltage-sensitive enzymes that hydrolyze phosphoinositides upon depolarization of membrane potential (Lacroix et al. 2011; Okamura and Dixon 2011) . Specific genes downstream of bioelectric events include BMP4, Notch and MSX1 during tail regeneration in Xenopus (Adams et al. 2007; Tseng et al. 2010) , Rx1 and Pax6 during eye induction in Xenopus (Pai et al. 2012) , Inx7 and Hox9 during the control of anterior-posterior polarity in planarian regeneration, Sox10, Slug and Nav1.7 (Blackiston et al. 2011; Brackenbury and Djamgoz 2006; Morokuma et al. 2008a ) during the induction of a neoplastic phenotype, Frizzled, Mitf, Otx2 and Sox9 during craniofacial patterning (Vandenberg et al. 2011) and Sonic hedgehog and Nodal during left-right patterning in chick and frog embryos (Adams et al. 2006; Levin et al. 2002) , Thus, bioelectric signaling can interface with canonical pathways via calcium, phosphatases, serotonergic signaling, or chromatin modification machinery (Carneiro et al. 2011; He et al. 2011) . The known set of transduction modes should be tested for any bioelectrically guided process by a suppression screen that seeks to rescue the effect of the V mem change by the inhibition of each of these mechanisms in turn (Fig. 3) . However, additional ways of coupling ionic signaling to nuclear effectors probably remain to be discovered.
Cutting edge developments
The above strategies have been used successfully and represent a relatively mature set of approaches that can be applied widely. However, the field has just begun to scratch Fig. 7 Known mechanisms by which transmembrane potential changes are transduced to downstream effector pathways. Changes of V mem are physical processes that need to be converted into second messenger pathways and ultimately into transcriptional responses. Cell-autonomous mechanisms by which cells sense their depolarization or hyperpolarization include: electrophoretic transfer of small signaling molecules (Ca ++ , 5-HT) through gap-junctional connections (GJC); voltage potential-mediated changes of integrin conformation (leading to activation of integrin pathways); regulation of transport of small molecules (e.g., the sodium/butyrate transporter) that impact chromatin modification; activation of voltage-gated calcium channels (thus impinging on the many pathways controlled by calcium); voltage-dependent activity of small signaling molecule transporters (such as SERT, the serotonin transporter) or of phosphatases (such as the phosphatase and tensin homolog; VSP voltage-sensitive phosphatases). Illustration is taken from Levin 2007b, Fig. 1a , with permission of Elsevier the surface of bioelectric signaling. A number of interesting aspects have been observed but not yet investigated in detail. The hope is that the increased integration of bioelectrical components into the work of biologists will result in the development of new tools and functional data for some of these novel aspects.
Not just one V mem : microdomains of voltage within single cells
Most physiological literature reports one V mem measurement for any given cell. However, this is simply an artifact of probing with one electrode, which necessarily reports only a single number for any cell. Imaging with membranevoltage-reporting dyes (Adams and Levin 2012b; Oviedo et al. 2008; Vandenberg et al. 2011 ) reveals that, both in culture and in vivo, individual cell membranes have multiple domains with different resting membrane potentials. Unlike action potentials that last milliseconds (and that are now being imaged by using so-called "fast response" dyes), the potentials imaged with slow-response dyes are resting potentials that can last minutes to hours. Thus, whereas these domains are analogous to the regional areas of depolarization that travel down an axon, these domains are, comparatively, extremely stable. For example, COS M6 cells, cultured according to standard protocols and then stained by using a combination of CC2-DMPE and DiBAC 3 (4) have an average of at least four to five domains (counted conservatively around the circumference on images such as that presented in Fig. 8) .
We have also documented membrane voltage domains in the blastomeres of cleaving frog embryos (Fig. 9) . Timelapse videos of these large cells undergoing mitosis reveal a pattern to the formation and dissipation of various regions. In general, regions of hyperpolarization form almost synchronously but slightly ahead of the first appearance of a cleavage furrow. These regions then grow as cleavage proceeds. Once cleavage ends, these regions become relatively depolarized until the next cleavage furrow forms. These data are consistent with evidence for a high concentration of K + channels in the new plasma membrane that is inserted during the cleavage process (Kline et al. 1983) .
Protists, which are nucleated single-celled organisms, also show this compartmentalization of membrane voltage (Fig. 10) . By staining and time-lapse recording, we have captured not only domains of voltage but extremely fine scale domains that are maintained even as the protist changes shape and phagocytoses food particles.
The method by which adjacent domains maintain different voltage values is still largely unclear. Lipid rafts might bring different types of ion channels (O'Connell and Tamkun 2005) to different components of the cell membrane (as occurs during the polarization of epithelial cells) but we do not know how the cell avoids short-circuits across the underlying cytoplasm that would equalize the V mem levels among neighboring domains. Fig. 8 Multiple domains of membrane voltage within single cells in culture. a Monolayer of cultured COS M6 cells were imaged by using the membrane potential reporters DiBAC 4 (3) and CC2-DMPE (red the most negatively charged membrane, blue the least negatively charged membrane). A domain was defined by coloring the original black and white image by using a red/green/blue lookup table in IPLabs, the software used to collect the images. The image was then opened in Photoshop and any stretch of color in which the pixels were pure red, pure green, or pure blue were counted as a region. Thus, this count reveals three possible values of membrane voltage. Inset Higher magnification of a single cell showing that this cell was determined to have four domains. b Domains were counted on 33 randomly chosen cells. These cells had 5±2 (mean±SD) domains per circumference; the median number of domains was four. Thus, even on using a conservative counting protocol, these cells were found to maintain four to five voltage domains around the circumference of the cell within the plane of focus Although individual cells were considered to have more than a single transmembrane potential value as early as 1983 (Kline et al. 1983 ), these domains can only now be readily detected and characterized over time in vivo in patterning systems by using fluorescent reporter dyes. A cell surface is a manifold that can encode enormous amounts of data for itself, such as a combinatorial code for cell identity (Silver 1996) , or for its neighbors. The regulated changing of those patterns, such as in dividing blastomeres, adds an order of magnitude more potential for creating signals and reagents need to be developed to allow the functional modification of microdomains of voltage within cells. The importance of this discovery lies in the implication that the membrane voltage of a non-neural cell can be stably patterned and thus can carry significantly more developmental information than was previously thought (Davies et al. 2006; Martens et al. 2004; Wallace 2007) .
Even greater potential: time varying membrane voltage
Several other directions probably offer the opportunity for fundamental advances. First, although the V mem signals change slowly, they do change as a function of time (Pai et al. 2012; Vandenberg et al. 2011) . Thus, we need to ask whether any aspect of cell communication is actually encoded in variations of V mem around its resting value (frequency or amplitude modulation, perhaps). Such datasets can now be obtained and a wide variety of systems should be analyzed to mine the physiological data for patterns that might indicate novel control mechanisms and aspects of non-genetic (physiological) heterogeneity. Likewise, the use of multiple physiological dyes in experiments involving fluorescence-activated cell sorting should identify subpopulations within "pure" stem and other cell types that differ in key bioelectric properties, as has been observed for human umbilical vein endothelial cells (Yu et al. 2002) . Such experiments on dissociated cells will clearly highlight properties that are cell-autonomous versus those physiological conditions that can only be maintained as a group phenomenon of cell-cell communication.
More broadly, large datasets of voltage and ion-content measurements need to be gathered in a wide range of cells and model species, so that the relationship between these bioelectric parameters and tissue outcomes can be fleshed b and c, d ). In the differential interference contrast images left, the dark lines visible at the edges correspond to stripes of cilia that run along the cell from the oral to the aboral end. Right Images of the intricate and stable stripes of relatively hyperpolarized (lighter) and depolarized (darker) regions of the plasma membrane. The hyperpolarized stripes co-localize with the stripes of cilia. In d, the interior of the spiral feeding apparatus is visible as a spot of light surrounded by dark membrane. Despite the active phagocytosis of particles at this position on the membrane, this pattern is maintained. These fine scale differences in voltage are highly stable out in quantitative models. The data need to encompass not only the plasma membrane but also intracellular membranes such as the poorly understood nuclear envelope potential (Bustamante 1994; Bustamante et al. 1994; Mazzanti et al. 2001; Yamashita 2011) , which might have important implications for transcriptional control. Perhaps voltage reporter dyes can be developed with targeting domains for nuclear membranes and conversely, depolarizing and hyperpolarizing ion channels with nuclear targeting signals should be developed to probe functionally the roles of such physiological parameters.
An important area for future advances involves the harnessing of the techniques of optogenetics (Arrenberg et al. 2010; Schultheis et al. 2011; Wyart et al. 2009 ), in which ion flow through light-sensitive channels can be controlled with extremely tight spatio-temporal specificity in order to control non-excitable cells. Whereas the reagents are currently optimized for the control of rapid spiking in nerve and muscle (Lin 2011) , constructs such as the step-function opsins can probably be made to regulate V mem in any cell of interest. Indeed, optogenetic lines in tractable organisms such as zebrafish (Arrenberg et al. 2009 ) and mouse (Tomita et al. 2009 ) already exist, although expression is limited to the nervous system and therefore more broadly relevant lines need to be created. Several research groups are working to create transgenic Xenopus laevis lines in which any cell or tissue of interest will express light-sensitive hyperpolarizing/depolarizing channels, allowing ready access to bioelectrical experiments in cell, developmental, or regenerative biology by using LED (light-emitting diode) arrays (Grossman et al. 2010) or other patterned light sources. A promising new chemical approach confers photoregulation upon existing potassium channels (Fortin et al. 2008; Fortin et al. 2011) and is thus ideal both for probing endogenous channel roles and for biomedical applications to control growth bioelectrically without the need for transgenesis.
Future directions and opportunities: translating the bioelectric language of cell conversations
The understanding of biophysical controls will have many implications for basic and applied biology. Such regulation is an essential part of endogenous control systems enabling self-assembly during embryogenesis and represent an important target for evolutionary change (enabling robustness and modularity). Learning to control biophysical parameters that guide cell-cell interactions will greatly improve interventions in regenerative medicine (especially given the master-regulator properties of ionic signals for complex organ formation). The same V mem change can be induced by any number of channels; for example, in the tadpole, a yeast P-type H + pump (which is not present in vertebrates) can induce regeneration during non-regenerative conditions (Adams et al. 2007 ). Thus, biomedical applications can potentially use the most convenient of many channels or pumps to achieve a desired change in cell physiology and tissue outcome.
The most transformative applications of this field will require a mechanistic understanding of the derivation of patterning information from the real-time dynamics of physiological networks. Much as early computer memories stored bits as the directions of current flow within individual coils of wire, morphogenetic information can readily be encoded in the paths of ion flow within and among cells. Ion-channel circuits with hysteresis (memory) properties (Bennekou et al. 2004; Gallaher et al. 2010; Sachdeva et al. 2010; Spray et al. 1981 ) and the use of GJs and ion channels by non-neuronal cells to form nerve-like computational networks (Krishnan et al. 2008; Turner et al. 2002) have previously been described. Nevertheless, how would transient physiological events result in stable changes in anatomy?
Brief changes of physiological polarity can cause permanent reversal of anatomical polarity, for example, as can occur during the dorso-ventral patterning of embryonic chick blastoderm (Stern and MacKenzie 1983; Stern 1987 Stern , 1991 . In addition to embryonic morphogenesis, regenerative pattern formation in adult animals is now known to depend on information stored physiologically. Recent work has shown that transient perturbation of the physiological state in a flatworm (brief interruption in cell-cell communication via GJs) permanently and radically alters its largescale anatomy, despite its DNA sequence remaining unchanged (Oviedo et al. 2010) : after subsequent injury, such as amputation of the head but without further physiological manipulation, such worms regenerate with the induced pattern! These results illustrate several interesting points. First, manipulation of the real-time physiological state can override the genetically encoded pattern: the animals acquire a perpetually two-headed bodyplan, despite the genome of the planarian still containing instructions for building a normal one-headed worm. The ability of bioelectric signals to override more canonical cues has also been shown during mesenchymal stem cell differentiation (Sundelacruz et al. 2008) and in corneal wound healing assays (Zhao 2009) : in cases in which competing chemical and bioelectrical signals for differentiation or cell motility are provided together, the resulting cell behavior indicates that, at least in these cases, ionic controls trump oppositely directed chemical cues. Second, the identification of a specific physiological perturbation that permanently changes the shape to which injured animals regenerate might enable molecular dissection of the mechanisms by which "target morphology" can be stored during patterning.
Importantly, bioelectrical mechanisms offer exciting new building blocks for synthetic biology. Alongside the chemical and transcriptional modules in the current toolkit of workers in this field (Bashor et al. 2010; Purnick and Weiss 2009 ), the addition of bioelectric signaling modules, i.e., DNA cassettes encoding ion channels/pumps and transducers of bioelectrical signals to and from genetic endpoints, will allow the exploitation of transmembrane potential, ion flows and self-generated electric fields radically to expand the capabilities of hybrid biologicalengineered constructs. Taking advantage of the bioelectric regulation of proliferation, orientation and migration will allow synthetic biology to move beyond the substrates of bacterial/yeast soups and toward the programming of the control of the self-assembly of three-dimensional patterns (Davies 2008) : synthetic morphology approaches for achieving the desired level of control over growth and form in complex multi-cellular tissues. Moreover, the bioelectrical implementation of information-processing, memory and signaling in non-neural tissues promises the ability to create highly parallelized, robust, computational tissues, such as suggested by the studies of electrically mediated memory in plants and bone (Davies 2004; Szechynska-Hebda et al. 2010) . These "biocomputers" could support algorithms with abilities far different from those possible with the linear Von-Neumann architecture upon which current computers are based, in which one instruction at a time is executed. The unique properties of three-dimensional electrical networks with complex feedback and analog signaling modes (as contrasted with the digital spiking of neurons) offer interesting tools for the bioengineer; the use of bioelectric components in ways that go beyond developmental programs that presently exist in the biological world will be an essential part of the field of synthetic morphology (Davies 2008 ), a field with capabilities that we have barely begun to explore.
Concluding remarks
The widely conserved, multi-scale, instructive capacity of bioelectric events makes ion flows and voltage gradients powerful modalities for the control of growth and form. Recent discoveries have begun to shed light on the interplay between genetic and biophysical signals and numerous tools are now available that lower the barriers for any research group to probe the interconnections between biophysical and genetic factors at the molecular level. Many opportunities exist for discovering bioelectrical controls in developmental, regenerative and cancer biology and for the production of new tools and methodologies that will uncover entirely new aspects of this field. Moreover, the development of specific strategies for the analysis and control of 
